Background. Life-threatening Streptococcus pneumoniae infections often occur after hematopoietic stem cell transplant (HSCT); vaccination is important for prevention.
Recipients of hematopoietic stem cell transplant (HSCT) are at high risk of developing life-threatening Streptococcus pneumoniae infections, especially after allogeneic HSCT and when complicated by chronic graft-vs-host disease (GVHD) [1] [2] [3] . Studies have shown a 20-to 30-fold, or higher, rate of invasive pneumococcal disease (IPD) compared with the general population [1] [2] [3] .
Vaccination is an important preventive strategy [4] . In the past, the 23-valent pneumococcal polysaccharide vaccine (PPSV23) was recommended [5] . However, PPSVs have limited efficacy during the first year after HSCT because of the time to regeneration of the T-and B-cell responses [4, 6] . During this period and thereafter, especially in patients with chronic GVHD, patients are at increased risk of infection. Across studies, IPD was reported within 100 days of HSCT in 4%-20% of patients, with a median onset of 14-28 months [1] [2] [3] 7] . Memory T cells are the first to expand after HSCT [4] , suggesting that conjugate vaccines may be of advantage in this population. The 13-valent pneumococcal conjugate vaccine (PCV13) elicits a T-cell-dependent immune response. T cells provide the signals required for the generation of B-cell memory [8, 9] . Thus, PCVs have the potential to elicit a memory response on subsequent natural exposure to vaccine-type strains and allow revaccination if required, and therefore could be more immunogenic in immunocompromised hosts. Studies with the 7-valent pneumococcal conjugate vaccine (PCV7) demonstrated favorable immune responses [10] [11] [12] [13] , with responses at 3 months noninferior to those at 9 months [10] , so that vaccination recommendations were updated to include PCV7 [4, 14, 15] and, later, PCV13 [16] . PCVs are efficacious against IPD and pneumonia in children [17] [18] [19] [20] . The Community-Acquired Pneumonia Immunization Trial in Adults aged ≥65 years, with approximately 85 000 participants, demonstrated that PCV13 is efficacious against vaccine-type community-acquired pneumonia (including nonbacteremic) and IPD [21] [22] [23] .
The main aim of this study was to assess the immunogenicity and safety of 4 doses of PCV13 in allogeneic HSCT recipients. Until now, no data were available on PCV13 after allogeneic HSCT. When the study was designed, PPSV23 was recommended 1 year after HSCT [5, 14] and thus was included in this study. PPSV23 has the potential to extend serotype coverage.
METHODS

Study Design
This open-label study was conducted at 37 centers in Europe, Canada, and the United States between January 2010 and May 2013. Approximately 3-6 months after HSCT, 3 doses of PCV13 were administered monthly, a fourth dose of PCV13 was administered 6 months later, and a dose of PPSV23 was administered 1 month later. The study was conducted in compliance with the Declaration of Helsinki and was approved by the responsible institutional review boards and independent ethics committees.
Participants
Eligible participants were patients aged ≥2 years with hematologic disorders who had received, 91-203 days before enrollment, an allogeneic HSCT following myeloablative or reduced-intensity conditioning; had stable engraftment with an absolute neutrophil count >1000/µL and a platelet count >50 000/µL; and had complete or (for lymphoma and myeloma) very good partial hematologic remission of underlying disease. Main exclusion criteria included donor lymphocyte infusions within 28 days; plasma products or immunoglobulins within 60 days; rituximab, advanced therapy medicinal products, chemotherapy for relapse of underlying malignancy, or any pneumococcal vaccine other than study vaccines since HSCT. Concomitant treatments and other licensed nonstudy vaccines, which reflect the standard of care at each site, were permitted. , as well  as 11 additional serotypes (2, 8, 9N, 10A, 11A, 12F, 15B, 17F,  20 , 22F, and 33F). Vaccines were administered intramuscularly in a dose of 0.5 mL.
Immunogenicity Assessment
Immunoglobulin G (IgG) concentrations were assessed from blood samples taken immediately before and 1 month after each vaccination using enzyme-linked immunosorbent assay (ELISA) [24] . After study completion, functional antibody titers using opsonophagocytic activity (OPA) assays were assessed in any available sera based on previously described methods [25] [26] [27] . Assays (ELISA and OPA) were conducted at a central laboratory by the sponsor.
Safety Assessment
For all 4 doses of PCV13, participants reported local and systemic reactions in an electronic diary (e-diary) for 14 days postvaccination. For PPSV23, no e-diary was used. All adverse events (AEs) not collected in e-diaries were collected on the case report form for approximately 1 month after each vaccination; serious AEs (SAEs) were collected from enrollment through telephone follow-up contact 6 months after the last PCV13 vaccination.
Statistical Methods
Objectives of the Study
The primary objective was to evaluate immune responses to the PCV13 serotypes 1 month after dose 3 of PCV13, as measured by geometric mean fold rises (GMFRs) of the IgG geometric mean concentrations (GMCs) (GMFR postdose 3/baseline). Other objectives included GMFR assessments 1 month after dose 4 and after PPSV23 relative to baseline or predose levels. In addition, the proportion of patients achieving IgG concentration ≥0.35 µg/mL postdose 3 and postdose 4 was assessed. This reference antibody concentration of 0.35 µg/mL was defined by the World Health Organization [28] to estimate efficacy of PCVs against IPD for infants and is not a defined threshold of protection for other age groups or for this immunocompromised population. The safety objective was to evaluate the safety profile of PCV13. Objectives were evaluated in the pediatric (2-17 years) and adult (≥18 years) age groups.
Sample Size
Planned recruitment was up to 300 patients (≤150 adults), with a minimum of 200, which would provide at least 134 evaluable patients based on an estimated 33% rate of dropouts and exclusions from the evaluable immunogenicity population between visits 1 and 6. Owing to slow recruitment, particularly for the pediatric population, the protocol was amended to allow for enrollment of >150 adults to ensure the sample size.
Analyses Populations
The primary analysis population was the evaluable immunogenicity population and consisted of eligible patients who received ≥3 PCV13 doses as assigned, had blood drawn within the required time frames, had ≥1 valid and determinate assay result, had received no prohibited vaccines, and had no other major protocol violation. Patients who received plasma products and/or immunoglobulins during the study as part of the standard of care were excluded from the evaluable population. The safety population included all patients who received ≥1 vaccination.
Statistical Analyses
For each PCV13 serotype, IgG concentrations were logarithmically transformed for analysis; IgG GMCs were calculated at each time point. Two-sided 95% confidence intervals (CIs) were constructed by back-transformation of the CIs for the mean of the logarithmically transformed assay results computed using the Student t distribution. GMFRs were computed and 2-sided 95% CIs constructed using logarithmically transformed assay results. A statistically significant increase in response was observed when the lower limit of the GMFR 95% CI was >1; a statistically significant decrease was observed when the upper limit of the GMFR 95% CI was <1. Reverse cumulative distribution curves were constructed to show the percentage of patients achieving IgG concentrations ranging from approximately 0.001 µg/mL to 1000 µg/mL.
For the post hoc analyses of OPA titers, the same statistical rules were applied as for the IgG concentrations. For the correlations between IgG concentration and OPA titer after dose 3 and after dose 4 of PCV13, the Pearson correlation coefficient and the corresponding 95% CI were calculated for each serotype. Positive correlations were significant if the lower limit of the 95% CI was >0.
Post hoc, the impact of 12 independent variables on IgG response after PCV13 dose 3 was assessed using a stepwise regression method. The independent variables were continuous ( /L] at baseline, the threshold serum γ-globulin level [≥4 g/L] at baseline, and to each of the following before or at the time of the dose 1 to dose 3 blood sample: any type of GVHD, steroids, and other immunosuppressive therapy).
For safety, the incidence of local and systemic reactions and AEs were summarized. AEs were categorized according to the Medical Dictionary for Regulatory Activities.
RESULTS
Of 251 eligible patients, 247 received ≥1 study vaccine; 184 (73%) completed the study.
The evaluable immunogenicity population for analysis of the primary objective included 207 patients (155 adults and 52 children); the most common reason for exclusion from this population was receipt of <3 doses of PCV13 in the sequence assigned ( Figure 1) . A detailed description of the evaluable immunogenicity population at baseline (visit 1) before administration of the first PCV13 dose (N = 216) is shown in Table 1 .
Immunogenicity
IgG GMCs for all PCV13 serotypes generally increased after each of the first 3 PCV13 doses. GMCs decreased before PCV13 dose 4 but remained similar or higher than after dose 1 and, for serotypes 5, 6A, 6B, and 23F, higher than after dose 2. GMCs increased after dose 4 compared with after dose 3 (except for serotype 3 in the pediatric group) and generally remained stable after PPSV23 (Figure 2 ; Supplementary Table 1) . Except for a few serotypes after dose 1 and dose 2, pediatric patients had numerically higher GMCs than adults after each PCV13 dose (Supplementary Table 1) .
GMFRs demonstrated statistically significant increases (lower limit of the GMFR 95% CI >1) in IgG GMCs for all serotypes from before dose 1 (baseline) to after dose 3 and dose 4 of PCV13, and to after PPSV23; from after dose 3 to after dose 4 of PCV13 (except for serotype 3 in the pediatric group, for Figure 1 . Patient disposition. The term "prohibited medication" refers to predefined medication that excluded patients from the evaluable immunogenicity population: immunoglobulins (n = 18), rituximab (n = 4), both rituximab and immunoglobulins (n = 1), and donor lymphocyte infusions (n = 1). Abbreviations: AE, adverse event; GVHD, graft-vs-host disease; HSCT, hematopoietic stem cell transplant; PCV13, 13-valent pneumococcal conjugate vaccine; PPSV23, 23-valent pneumococcal polysaccharide vaccine. which responses were similar); and from before to after dose 4 of PCV13. GMFRs demonstrated that IgG GMCs after PCV13 dose 4 compared with after PPSV23 were similar for most of the PCV13 serotypes; exceptions were serotype 9V (total and adult populations), with significantly higher GMCs after PPSV23; and serotypes 6B (total and pediatric populations) and 6A (all groups), with significantly lower GMCs after PPSV23 (Table 2;  Supplementary Table 2 ). Serotype 6A is not included in PPSV23. The reverse cumulative distribution curves for all serotypes for the total population after each PCV13 dose also demonstrated the increasing IgG responses from dose to dose over the entire range of measurable concentrations, which were not observed after PPSV23 (Supplementary Figure 1) . The percentage of patients achieving a serotype-specific IgG concentration ≥0.35 µg/mL increased from before dose 1 (range, 23.5%-89.7%) to 1 month after dose 3 (89.7%-98.0%), decreased in the 6-month period to before dose 4 (46.3%-93.2%), and increased 1 month after dose 4 (82.6%-98.8%).
For the post hoc OPA assessments, OPA geometric mean titers (GMTs) showed a similar pattern of response in both age groups for all PCV13 serotypes as that observed by IgG GMCs after each vaccination, with 1 exception. The OPA GMT for serotype 3 in the pediatric group was numerically higher after dose 4 than after dose 3, whereas by ELISA, IgG GMC was numerically lower after dose 4 than after dose 3 (Supplementary Table 1 ). In addition, a significant positive correlation between IgG GMCs and OPA GMTs for all serotypes was observed in both age groups after dose 3 of the primary series and after dose 4, with the lower limit of the 95% CI >0 for all correlations (Supplementary Tables 3 and 4 ). The stepwise regression method yielded 5 of the 12 independent risk factors studied to be useful predictors of the immune response when all PCV13 serotypes were combined (Table 3) and for single serotypes (Supplementary Table 5 ). However, the only risk factors that significantly (P ≤ .05) impaired the immune response for all the PCV13 serotypes combined and most single serotypes were baseline γ-globulin levels <4 g/L, donor type other than an HLA-identical sibling, and increasing recipient age. In addition, only for serotype 18C was time between HSCT and dose 1 of PCV13 significant (Supplementary Table 5 ). Figure 2) and systemic reactions (Table 4) were more frequent after PCV13 dose 4, with frequencies of redness, swelling, fever ≥38°C, fatigue, and muscle pain significantly higher compared with after dose 3 in the total and adult populations; for pediatric patients the numbers available for comparison were too few to draw inferences (Supplementary Table 6 ). After each PCV13 dose, local reactions were more frequent in the pediatric group; systemic reactions were generally similar in frequency across age groups except for fever, which was more common in the pediatric group. The mean durations were generally similar between age groups after each dose and did not exceed 4.5 days for local reactions in the pediatric group and 7.2 days for systemic reactions for the total population.
Safety
Local reactions (Supplementary
The frequencies of AEs were similar between age groups after each PCV13 dose. Infections were most common. Frequencies of AEs possibly related to PCV13 were numerically similar after dose 4 (total 6.8% [13/192 patients] ) compared with from dose 1 to after dose 3 (6.1% [15/247 patients]).
After PPSV23, 15.8% (29/184) of patients experienced possibly related AEs. These were mainly local reactions and fever (n = 4), which were not collected with an e-diary but on the case report form and classified as general disorders and administration site conditions (14.1% [26/184 patients]); other AEs included cellulitis (n = 2), myalgia (n = 2), arthralgia (n = 1), pain in extremity (n = 1), Guillain-Barré syndrome (n = 1), cellulitis (n = 2), and hematoma (n = 1).
Six patients experienced SAEs that were reported by the investigator as possibly related to study vaccination. These SAEs included facial diplegia (14 days after PCV13 dose 1), injectionsite erythema and pyrexia (1 day after PCV13 dose 2), 2 episodes of autoimmune hemolytic anemia in a single patient (18 days and 116 days after PCV13 dose 3), 1 Guillain-Barré syndrome (29 days after PCV13 dose 4 and 1 day after PPSV23), Abbreviations: n, number of patients with valid and determinate assay results for the specified serotype for both of the specified blood draws; PCV13, 13-valent pneumococcal conjugate vaccine; PPSV23, 23-valent pneumococcal polysaccharide vaccine.
and 1 cellulitis (2 days after PPSV23). Additionally, an investigator reported as possibly related 1 episode of suspected lack of vaccine efficacy resulting in a case of bilateral pneumonia (36 days after PCV13 dose 3), for which a urinary antigen detection assay, which does not identify the serotype, tested positive for S. pneumoniae. Fifty-one AEs led to study withdrawal, and were generally due to disease relapse or to complications of HSCT. There were 14 deaths; none was related to study vaccines.
DISCUSSION
The study showed significant increases in IgG binding and OPA functional antibodies for all PCV13 serotypes after a 3-dose primary series of PCV13 administered at monthly intervals starting approximately 5 months after HSCT (mean ± standard deviation, 154.6 ± 33.35 days). PCV13 dose 4, administered approximately 6 months after dose 3, also led to significant increases in antibody levels compared with before dose 4, and relative to after dose 3 for all serotypes (including serotype 3 when measured by OPA assay), indicative of a memory response on reexposure to the vaccine. Higher immune responses were elicited in pediatric than in adult patients. After the 3-dose primary series and after dose 4 (booster dose), OPA and IgG responses correlated significantly for each of the PCV13 serotypes. OPA titers, which measure serotype-specific killing of S. pneumoniae, provide the best functional correlate of vaccine-induced protection in humans [29, 30] . PCV13 dose 4 was associated with increased reactogenicity compared with after dose 3. However, with the exception of fever, reactogenicity was not higher than that observed in other studies where participants received a single dose of PCV13 [31, 32] . The possibly related SAEs in 6 patients occurred across doses. Of note, the patients who experienced facial diplegia, autoimmune hemolytic anemia, and Guillain-Barré syndrome had a complex constellation of comorbid conditions, received concomitant medications, and were exposed to multiple infections and GVHD, so that it was difficult to establish a clear causal relationship between these events and PCV13. Considering the risk/benefit of vaccination, the overall safety profile of a 4-dose regimen was considered acceptable. Vaccination guidelines for HSCT patients currently recommend a fourth PCV13 dose in patients with chronic GVHD (because of the lack of efficacy of PPSV23 in this subpopulation) [33] . However, for patients without GVHD, a booster dose of PPSV23 is recommended, with the aim of broadening serotype coverage [33] . A fourth dose of PCV13 administered during the first year after HSCT in this study elicited, for the majority of serotypes, antibody levels similar to those observed after a single dose of PCV13 in healthy individuals of comparable age [31, 32, 34, 35] . This study did not assess a booster dose of PPSV23 as an alternative to PCV13 dose 4; nor were the responses elicited by the 11 additional serotypes unique to PPSV23 evaluated; nor was the reactogenicity of PPSV23 assessed daily using an e-diary, with the possibility of underreporting AEs. Therefore, no conclusions can be drawn from this study on potential benefits of PPSV23 as an alternative to PCV13 dose 4. In a previous study in HSCT recipients, a dose of PPSV23 given 6 months after 3 PCV7 doses increased immune responses elicited by specific serotypes (1 and 5) unique to PPSV23, but also increased responses to the PCV7 serotypes included in PPSV23 [36] .
In this study, PPSV23 was administered at approximately 1 year after HSCT as recommended [5, 14] . It was administered to broaden serotype coverage and not to assess an appropriate vaccination interval. PPSV23 did not further increase the immune response for the majority of PCV13 serotypes included in PPSV23. We hypothesize that this was due to the short time interval of 1 month between PCV13 and PPSV23 administration.
The long-term effects on immunity after vaccination with either 3 doses of PCV13 followed by 1 dose of PPSV23 or 4 doses of PCV13 are not known and will require additional studies.
In the current study, the main risk factors that correlated with lower serum antibody responses to PCV13 (when PCV13 serotypes were combined, and for most of the single PCV13 serotypes) included donor type other than an HLA-identical sibling, increasing recipient age, and baseline serum γ-globulin level <4 g/L. These results confirm, in part, previous reports [10, 13] . A possible limitation of the study is that, considering the fewer than anticipated number of cases of GVHD and the number of deaths (14/247), the inclusion/exclusion criteria likely selected a "lower-risk" population than anticipated for the allogeneic HSCT population. This may explain the lack of significant impact of GVHD on the immune response of all PCV13 serotypes.
In conclusion, given the marked increase in antibody levels after dose 4 of PCV13, this 4-dose regimen may provide better protection than a 3-dose series against pneumococcal disease in HSCT recipients. This finding must be balanced against a higher reactogenicity. In patients without GVHD, whether this fourth PCV13 dose provides a clear benefit compared with the recommended schedule of PPSV23 as the fourth dose cannot be determined from this study.
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